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di' Abstract 

' We estimate the reaction mechanisms for the photoproduction of the 0'''(154O) resonance on 



the nucleon, through K and K* Regge exchanges. We compare the size of the cross sections for 
I the 7?! — > K~@~^ and 7p K^Q^ reactions, and investigate their sensitivity to the spin-parity 

assignments = |^ for the G"^ resonance. The model allows to estimate the cross sections 
corresponding with a given upper bound on the width of the Within this model, the cross 

sections on the neutron are found to be around a factor 5 larger than the ones on the proton, due to 
the presence of charged K exchange for the reaction on a neutron target. Furthermore, the photon 
asymmetry is found to display a pronounced sensitivity to the parity of the , making it a very 
promising observable to help determining the quantum numbers of the G"*" resonance. 

PACS numbers: 13.60.Rj,13.60.Le,13.60.-r 
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I. INTRODUCTION 



Since the announcement of the first claim of experimental evidence for the 5* = 1 baryon 
resonance by Spring 8 P| which is well known as the G"*" today, there has been a great 
number of experiments reporting the observation of the 0^ . These 

experiments represent a great variety of nuclear and particle physics experiments. The first 
experiment ^Ij is a photoproduction process on carbon nuclei. The subsequent experiments 



searched for the 0^ in photoproduction on the nucleon 




electroproduction on the 



and hadron beams 



. All of 



nucleon (d,lld|, and using kaon beams P|, neutrino beams 
these experiments have some weaknesses which made any single claim for the 0"*" not robust. 
If however taken together these experiments present significant claim for the 0"''. Most of 
the criticism arises due to the low statistics of the data of most experiments, uncertainty 
in background est_imates, specific angle cuts applied for the data analysis , mixed 

and certain nuclear effect corrections IjJ, 



strangeness 
claim of observation for S 
reproduced QQ- 



2 exotic pentaquarks even though this claim cannot be 



. In addition there is also a 



Criticism for the 0"*" claim also arises because a fairly large number of experiments [3, 

Q, 14, H H 12, Q, H Q, Q 1 2^1 did not find any evidence for the 0"*". Most of these 

experiments are high energy-high statistics experiments and they can fall into two categories. 



The first category are the e~^e experiments [l3. 



3 ' e exp eriment 

Q,liIQ,Qi. 



and the second category are the 



hadron beam experiments [la, 113, Il2| • The e~^e~ experiments do not present credible 
challenge to the existence of the 0"*" since it is very unlikely to produce the 0"*" from these 
experiments. The hadron beam experiments present more serious rebuttal evidence to worry 
about, but like the e~^e~ experiments, without obvious production mechanism, the rebuttal 
is not very convincing. It is also important to point out that the SAPHIR result ^ has 
been ruled out by the recent CLAS gll experiment 0|. Details of analysis for the positive 
results as well as the negative results for the pentaquark experiments can be found in 

From the theoretical point of view, QCD does not prohibit the existence of pentaquark 
states. If there are any prejudices, we should expect the existence of the exotic states such as 
dibaryons, dimesons, glueballs and pentaquarks. For the pentaquark, the problems are where 
to look for the states and how to distinguish them from the ordinary baryon resonances. 
Also if the states are very wide, the search might be futile since we will not be able to 
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distinguish the resonances from the background. After years of searches with no results, the 
community seemed to give up when PDG after 1986 (2a| dropped the section on searches 
for pentaquarks. Recent interest for pentaquarks was sparked again after the announcement 
from Spring 8 experiment The experiments were conducted with the guidance of the 
chiral quark soliton model estimate by Diakonov et. al. j^l, which predicted the existence of 
a narrow baryon resonance with strangeness iS = 1) at mass around 1530 MeV. Critics for 

nn 

this paper can be found in [2^ 1221 • The paper also predicted that the resonance has spin 1/2 



and positive parity as predicted by subsequent chiral soliton model works 
A naive constituent quark model will give a negative parity state even though it is 
also possible to have a positive parity state in a quark model if one introduces a P-wave 
in the spatial wavefunction 0, l^^, 0|- for the spin of the G"*", all theory paper to 
our knowledge predicts 1/2 and consider spin-3/2 to be a heavier excitation state, see e.g. 
Ref. [38]. 

The most puzzling issues from the theoretical point of view right now is the narrow width 
of the 9+. The chiral quark soliton model work by Diakonov et. al j^l did naturally predict 
an anomalously narrow width for the 9"*". Some attempts also have been made in constituent 
quark models to explain the narrow width, e.g. [37! 0, For an early review on these 
theoretical issues see |4l| . 

Clearly, to address the issues mentioned above, i.e. existence, spin-parity assignment and 
width of the pentaquark, more dedicated experiments are needed. Production mechanisms 
are a key aspect in this study since it has been argued that certain processes will not be 
effective to produce the pentaquark. Many efforts have been made in the past to study the 
6*+ photo- and electroproduction processes Q, H Q, H Q, 42, Q, HQ H even 
though most of the cross section predictions have been ruled out by the recent JLAB glO 
and gll experiments Q,0|- 

In this paper we make another effort to study the photoproduction mechanism for the 
0+ using a Regge model, which has been found to successfully describe the main features 

nn 

of KA and i^S photoproduction on the nucleon at cm. energies above 2 GeV In 
section II we discuss the theory of Regge exchange mechanism. We also discuss the relation 
of the width to the photoproduction cross section of the 9"^. In view of upcoming high 
resolution experiments such a link is needed to translate quantitatively an upper limit 
on the photoproduction cross section into an upper bound on the 9"*" width. In section III 
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we present the results of our calculation for the 9"*" photoproduction cross sections. We also 
study photon asymmetry and decay angular distribution of the photoproduction. We 
close with our conclusion in section IV. 



II. REGGE MODEL 



At sufficiently high energies, above the nucleon resonance region, strangeness photo- and 
electroproduction reactions (e.g. •yp — > K~^A, K^T,) at forward an gles are dominated by K 
and K* Regge exchanges as has been proposed long time ago in Ref. and studied in detail 
in view of numerous recent strangeness photo- and electroproduction data in Refs. 
was found in those works that the simple Regge model for open strangeness electromagnetic 
production reactions in terms of K and K* exchanges provides an economical description 
and simple explanation of the forward angle data for total cm. energy W > 2 GeV. It 
surprisingly reproduces the gross features of the data, even ior W < 2 GeV, hinting that a 
sort of reggeon-resonance duality is at work. 

In this work, our aim is to extend this model to the description of the process 

7(g) + iV(p^) — . KipK) + e+(pe) • (1) 

The Mandelstam variables for this process are given by s = {pn + q)^, t = {q — PkY, and 
u = {q — p@Y , satisfying s + t + u = Mfj + m\ + M@, with Mjy the nucleon mass, uik the 
kaon mass, and Mq the mass of the 9+. In this work we take as value for the mass of the 0"*" 
the value Mq = 1.54 GeV, consistent with the experiments of Refs. 

Our description of the reaction (QJ) in terms of reggeized K and K* t-channel exchanges is 
aimed at the region of large s {W = y/s > 2 GeV) and small —t {—t « s). We discuss 
subsequently the t-channel K and K* Regge exchange processes for reaction ^ as is shown 
in Fig. [H 
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Figure 1: The different Regge exchange contributions considered to describe the photoproduction 
reactions with final state on a nucleon. 

A. K Regge exchange 

1. Spin-1/2 Amplitude 

The construction of the reggeized amplitude for the charged i^'-exchange process to the 
7n K~Q^ reaction, as shown in Fig. [U amounts to replace the usual Feynman pole 
propagator for the kaon by a 'Regge propagator' function, depending on both s and t, i.e. 
'PRea9eis,t) as follows : 

VLjs, t) = ( ^ ) — ^^^^4^ ... , .... • (2) 



t-mj, ' Re99e\ . ) ^^J sin(7ra,^ (t)) 2 V(l + aK(t)) 

Such a Regge propagator function effectively takes into account the exchange of high-spin 
particles (in the t-channel) which lie on the K Regge trajectory axif) = c^k + ^'k ' ^- For 
the K, we use a standard linear trajectory in Eq. ^ : 

aK{t) = 0.7 {t-m%) , (3) 
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which was previously used in the analysis of strangeness photoproduction reactions at high 
energies Furthermore, in Eq. the mass scale sq is typically taken as sq = 1 GeV^, 
and 5 = ±1 is the signature of the trajectory For the kaon trajectory, the states with 

= 0^, 2^, 4^, ... correspond with S = +1, whereas the states with = 1+, 3+, 5+, ... cor- 
respond with S = —1. The gamma function r(l + a{t)) suppresses poles of the propagator 
in the unphysical region. As is well known from Regge theory j^, trajectories can be either 
non-degenerate or degenerate. A degenerate trajectory is obtained by adding or subtracting 
the two non-degenerate trajectories with the two opposite signatures. As can be seen from 
the numerator of Eq. ((SJ, this leads to trajectories with either a rotating (e~*™*^*^) or a con- 
stant (1) phase. In line with the finding of Ref. for the charged K trajectory entering 
in strangeness photoproduction processes, we use the rotating phase in the following. This 
corresponds with the so-called strong degeneracy assumption in Regge terminology, and 
amounts to replace in Eq. Q the factor (iSi4' + e~*™^'^*^)/2 by e~*™^(*). One can easily verify 
that the Regge propagator reduces to the Feynman propagator l/it — mj^) if one approaches 
the first pole on a trajectory (i.e. when taking t m\ in Eq. (jS}). 

In order to calculate the K Regge exchange contribution to the 6+ photoproduction am- 
plitude as shown in Fig.[Tl we have to specify the KNQ^ vertex function. We subsequently 
study this vertex for the cases of spin and parity assignments 1/2=*= and 3/2^ of the 9"*" 
resonance. 



2 

For the spin parity assignment of the 6+ resonance given by = the KNQ~^ 
vertex can be written as : 

Ckns = iQKNe (k^Qi^N + N^^QK) , (4) 

where K and N are the kaon and nucleon isospin doublet fields respectively, and where 
6 is the 0+ isosinglet field. The Lagrangian of Eq. ^ corresponds with the 6+ being 
a p-wave resonance in the KN system. With this Lagrangian, the decay width V^^kn 
is given by : 

Te^K. = ^ (VST^ - M.) , (5) 
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where \Pk\ — 0.267 GeV is the kaon momentum in the rest frame of the 9+. To extract 
a value for gxNe, we need the experimental information of the width Tq^kn, which is 
not known precisely at this moment but whose measurement is the subject of several 
planned dedicated experiments, e.g. Refs.j3|- To provide numerical estimates in this 
work, we will use Tq^kn = 1 MeV as the value for the width, which is consistent with 
the upper limit for the width derived from elastic KN scattering 0|. Evaluating 
Eq. ^ with Tq^kn = 1 MeV, we then extract the value Qkno — 1-056, which will be 
used in all of the following estimates for = |^ 6+. 
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For the spin parity assignment of the 0+ resonance given by = | , the KNQ~ 
vertex can be written as : 



Ckns = Qknb (k^QN + NQK) , (6) 

which corresponds with the 9"*" being a s-wave resonance in the KN system. In this 
case, the decay width Vq^kn is given by : 

Te^KM = ^ + M.) . (7) 

Using Tq^kn = 1 MeV as the value for the width, we obtain Qkno — 0.1406, which 
will be used in the following estimates for = \ 0^- 

Having specified the Regge propagator and KNQ vertex function, we can construct the 
gauge invariant reggeized charged i^-exchange amplitude for the •jn — ^ K^Q^ process for 
the spin-1/2 9"*" as : 

Mk (^in K-Q+ : jI" = i ^ = egKNe ■ 'Pneggeis^t) ■ e^{q, A) 

+ ■ {F{s,t,u) - FK{t)) ■Q^'^N 
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Mk in 



K-Q+ : 4 



r 

2 



^-^) ■ 2p^ ■ {F{s,t,u)-Fe{u)}-Qi'N 



= {-i)egKNe ■ V^^gg^{s,t) ■ e^{q, X) 
X 'FK{t) ■ {2pK-qY ■ 
- Fe{u) ■ (t-ml) -6)7 



C.^^f^(j^P^i±^^ 



u-Ml 



N 



+ 2p^. ■ (F(s,t,n)-F^(t)) ■ QN 



t — m 



K 



(8) 



u — m, 



2p^ • {F(s,t,M)-Fe(n)} ■ ON 



(9) 



where e^{q,X) is the photon polarization vector with photon polarization A = ±1. To 
evaluate the Regge vertex functions (Regge residues) away from the pole position, we include 
the form factors F^it)^ Fq{u), and F in the amplitude formulas above. In our calculations, 
we choose monopole forms for Fx and F^ : 



FK{t) 

Fe{u) 



1 + 



h? ) 



-1 



(10) 
(11) 



For the cut-off A, we choose a typical hadronic scale of A = 1 GeV. In Eqs. ()8|9|) . the 
terms proportional to F^ are the t-channel process (top left diagram in Fig. HJ, whereas 
the terms proportional to F^ originate from the process with the G"*" in the w-channel (top 
middle diagram in Fig. P). In the Regge approach, this gauge restoring term is reggeized 
in the same way as for the t-channel process, see e.g. Refs. Q- 

In particular, one 

notices that at the K pole, the pre-factors {t — m\) in the second terms of Eqs. ()8I9|) exactly 
compensate the Regge function V^^gg^, reducing these contributions to standard ^-channel 
pole terms. For the 7p ^^(A, S) reactions, it has been shown in Ref. that this 
gauge invariant reggeization procedure (for the case where the form factors are absent), 
by restoring the gauge invariance of the t-channel charged kaon exchange process through 
proper reggeization of the s-channel (for K~^) or u-channel (for K~) processes, is a key 
to reproduce several strangeness photo- and electroproduction observables. The third and 
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fourth terms which contain F are contact terms which are required by gauge invariance 
when including form factors. The only restriction we applied to these terms is they should 
not have poles at t = m|- and u = itIq. With this restriction, we can choose the form : 

F{s,t,u) = FK{t) + Fe{u) - FKit) ■ Fe{u). (12) 

Note that F — Fxit) is proportional to (t — ni\), whereas F — Fq{u) is proportional to 
{u — M@), thus canceling the poles in the contact terms. 



2. Spm-3/2 G+ Amplitude 

2 

For the spin parity assignment of the 0+ resonance given by = the KNQ~^ 
vertex can be written as : 

The Lagrangian of Eq. (fT3|) corresponds with the 9"*" being a p-wave resonance in the 
KN system. In this case, the decay width Tq^kn is given by : 

^ |2 



Again using Fe^^Ar = 1 MeV as value for the width, we obtain gKNO — 0.4741, which 
will be used in the following estimates for = |^ 6"*". 

jP ^ 3- 

2 

For the spin parity assignment of the 9+ resonance given by = | , the KNQ~^ 
vertex can be written as : 



The Lagrangian of Eq. (fT3|l corresponds with the 9+ being a d-wave resonance in the 
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KN system. In this case, the decay width Vq-^kn is given by 



P _ gxjve \Pk\ \vkV ( I 2 , M'i M 



^ |2 

/ /-2 , 7i/r2 ^/l 

N 



Finally, using Tq^kn = 1 MeV as value for the width, we obtain Qknb — 3.558, which 
will be used in the following estimates for = \ Q"*"- 

Having specified the KNQ vertex function for spin-3/2, we can construct the gauge 
invariant reggeized charged iiT-exchange amplitude for the 771 K~Q^ process for the 
3/2" e+ as : 

X 'FK{t) ■ {2pK - qY ■ {PK - qT ■ Qa N 

- 1<q[u) ■ [t-mj^) -HaT 772 



G 

C ^.J^f^P iPK)a ■ {Pu)p J.T 

-^'^-^ — Mi — ^ 



+ {t - ml) . ^^^^^^ ' ^ ^^^'^ ' ^^^^A^ 

Mq 

+ • {F{s,t,u)-FK{t)) -pl-QN 

^\-2p^Q-{F{s,t,u)-Fe{u)}-pl-QN , 

u-mQj 

(13) 



Mk in 



X 



TTlK 
FKit) ■ {2pK 



Regge \ 



u 



■Ml 



Mq 

+ 2p^j,-{F{s,t,u)-FK{t))-pl-QfN 



10 




■ ■ {Fis,t,u)-Feiu)}- p], ■Bj^'N 



(14) 



with 




Similar to the spin-1/2 case, the form factors Fx{t) and Fq{u) have to be added to take 
into account the change of coupling constant Qknb away from the pole position. In the 
calculation, we choose the same forms of Fxit) and Fq{u) for spin-3/2 as for the spin-1/2 
case. For the spin-3/2 case we have to add the third, fourth and fifth terms in Eqs. ()13|14p . 
which originate from the contact diagrams to the t- and w-channel process to preserve gauge 
invariant in the amplitude. In the Regge approach, this gauge restoring term is reggeized 
in the same way as for the t-channel process, as discussed before for the spin-1/2 case. We 
also choose the F{s,t,u) to have the same form as for the spin-1/2 case. 

B. K* Regge exchange 

We next consider the .ft'* (892) exchange processes to both the jn K~Q~^ and •yp 
^oq+ reactions as shown in Fig. [H Note that for the •yp — > K'^Q'^ reaction, K exchange is 
not possible as the real photon does not couple to the neutral kaon. Therefore, we expect 
K* exchange to be the dominant t-channel mechanism for the yp K^Q~^ reaction. 

The construction of the reggeized amplitude for the fr*-exchange processes, amounts to 
replace the K* pole by a 'Regge propagator' function V^*gg^{s,t) : 




) 



1 



sin(7ra^.(t)) 



2 



r(«K«(t)) ' 



(15) 



For the ii'*(892), we use a standard linear trajectory : 



aK*{t) = 0.25 + a^.t, 



(16) 
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where a^* = 0.83 GeV~^. Furthermore, we also consider a degenerate trajectory for K* 
leading to a Regge propagator with rotating phase in Eq. (fT5| . in line with our previous 
findings in the analysis of strangeness photoproduction reactions at high energies |56l |. 

To evaluate the K* processes in Fig. [H we next have to specify the K*NQ^ vertex 
function. If the spin parity assignment of the 6"^ resonance is given by = the 
K*NQ~^ vertex can be written as : 



^K*Ne — fK*Ne 



Mn + Mq 



N ■ V^ipK') + h.c. , (17) 



where V^{pk*) is the polarization vector of the K* meson. If the spin parity assignment of 
the G"*" resonance is given by = | , the K*NQ'^ vertex is given by : 



^K*N0 — —i Ik'NO 



^ (^nu Pk* 



Mn + Mq 



75 iV • V^ipK*) + h.c. . (18) 



Using SU (3) symmetry for the vector meson couplings within the baryon octet and between 
the baryon octet and antidecuplet, one can express : 

gpopp + fpopp = ^{vo + ^v^i) + ^v,, (19) 

1 / 1 \ 23 

+ Up = Y^[Vo + -V,j + -V2, (20) 

g^pp + Upp = (vo + \v,^ + ^V2, (21) 

fj,.oe+p = -^(Vo-V,- ^V2^ , (22) 



where gvNNifvNN) are the vector (tensor) coupling constants respectively. First we use the 
fact that g^fipp + f^pp ~ and solve for V2 in Eq. (f2T|l . Substituting this into Eqs. (fT9|l 
and (f22|l . we can express the K*NQ coupling as : 

jK*Ope+ = [gpOpp + JpOpp) ^ _^ ^ , (23) 



where r is defined as r = Vi/Vq. By fixing the ratio r to its value obtained in the chiral 
quark soliton model j^l : r ~ 0.35 and using the value gpOpp + fpOpp ^ 18. 7 Q, Eq. m 
then leads to the coupling fx* no = — 5.9. Note that the value of /j<'*Op0+ is very sensitive 
to the value of the parameter r, as there is a strong cancellation of various contributions. 
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The case of 1 MeV width of 9"*" indicates that this cancellation can be very deep. The above 
mentioned value obtained in the particular dynamical model is subjected to large theoretical 
uncertainties which result in big spread in values of the coupling constant. Here we assume 
that the parameter r is close to the value of its counterpart for the axial transitions which 
corresponds with a width of 9"*" of about 1 MeV. This assumption yields : 



fx* NO = /x*Ope+ — 1-1 , 



(24) 



which will be used for the coupling constant entering in the vertices of Eqs. (|17I18|] for both 
parities of the 9+. 

The reggeized K* exchange amplitudes for both parities of the 9"*" are then given by : 



Mk* I : J, 







Mk* IP 



N, (25) 



efx^OKOj fK*Ne ■ T^Reggei^^'t) ' ^'^i^A) 



Mn + Mq 



75 iV, (26) 



and analogous formulas hold for the K* contribution to the •yn K^Q^ reaction. In 
Eqs. (I25I26|) . the electromagnetic coupling fK*K'y can be extracted from the radiative decay 
widths Yk'-o^kOj = 0.117 MeV, and TK*-^K-'y = 0.05 MeV, yielding Q : 



fK.OKO^ = 1.28 GeV^^ 
fK,-K-^ = 0.84 GeV"^ 



(27) 
(28) 



Note that the K* t-channel exchange amplitudes of Eqs. ()25|26|) are gauge invariant by 
themselves. 



III. RESULTS 



In Fig. O we show our results for the differential cross section for the 'jn ^ K 9"*" 
reaction for the cases of spin-parity assignments 1/2=*= and 3/2^ of the 9"*". Comparing the 
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0.25 




Figure 2: Regge model predictions for the K^Q^ cross section at = i GeV for different 

spin parity assignments of the Dashed-dotted curves : gauge invariant K Regge exchange; 
dotted curves : K* Regge exchange (for the cases of 1/2^). To account for the range of uncertainty 
in the K*NQ couphng, we display the result for K + K* exchange for two values of the K*NQ cou- 
pling constant : fK*Ne = +1-1 (solid curves), and fK*N0 = —1-1 (dashed curves), corresponding 
with a width Tq^kn = 1 MeV. 

cross sections for K Regge exchange for the cases of = 1/2=*=, one notices that the KNQ 
coupling constant for the case of a negative parity 9"*" is a factor 7 smaller than for the case 
of a positive parity G"*". If there were only t-channel K exchange, this would result in a ratio 
of about a factor 50 for the cross sections of positive parity compared to negative parity G"*" 
photoproduction for the case of a G"*" of J = 1/2. The cross section for J@ = 1/2^ gets 
enhanced though through the w-channel G^ process and the contact diagrams, which are 
required to make the t-channel charged kaon exchange process gauge-invariant. They are 
also responsible for the pronounced peak structure in the differential cross section at low 
values of —t. For the cases of Jq = 3/2='', the situation is reversed, as the KNQ coupling 
constant is about a factor 7 larger for the case of 3/2~ compared with the case of 3/2+ when 
using a same width for the G"*". Taking into account the w-channel and contact diagrams 
then yields cross sections for the case of 3/2~ which are about a factor of 4 larger than for 
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s (GeV^) s (GeV^) 

Figure 3: Regge model predictions for the 771 — > K^Q^ total cross sections for different spin-parity 
assignments of the resonance. Curve conventions as in Fig. |2j 

the case of 3/2+. 

In Fig. O we also show our estimates for the K* exchange process for the spin-parity 
assignments 1/2+ . To show the range of uncertainty arising from the K*NQ coupling, we 
display our results for two values : fK*Ne = +1-1 and fx* no = — l-l- The value fx'NS = 
+ 1.1 is obtained by rescaling the chiral quark soliton model coupling for the case J@ = 1/2+ 
by the same amount as when rescaling the model value oi qkno to correspond to a width of 1 
MeV. One notices from Fig.[2lthat for a K*NQ coupling within this range, the resulting K* 
Regge exchange process yields only a very small contribution to the cross section compared 
with the gauge-invariant K exchange, in particular for the case of 1/2+ . Furthermore, in 
the forward direction the K* exchange process vanishes due to the momentum (g — px) 
dependence in the •yKK* vertex. Such a behavior has been confirmed by data for the 
7P i^+S° reaction which is dominated by K* exchange at large s and small — t, see 
Ref. Q- 

Analogously, the forward angular region (— t << s) for the •yn ^ K G+ reaction 
at high photon energy is dominated by charged K exchange. At larger values of —t the 
relative weight of K* versus K exchange increases. Using the same values for the K*NQ 
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0.2 0.4 0.6 

-t (GeV^) 



-t (GeV ) 



Figure 4: Regge model predictions for the 7n K photon asymmetry at i?^ = 4 GeV for 
different spin parity assignments of the . Curve conventions as in Fig. |21 

coupling in case Jq = l/2~, the K* exchange contribution becomes comparable to the 
gauge-invariant K exchange for values around — t ^ 1 GeV^. 

In Fig. ini we shov\r the corresponding total cross sections. Using a vi^idth of 1 MeV for 
the G"*", the maximum value of the total cross sections can be seen to be around 1 nb for 
the case of 1/2"'" and 0.2 nb for the case of 1/2^. For the cases of 3/2+ (3/2^) much larger 
cross sections of around 10 nb (55 nb) are obtained when using a same value of 1 MeV for 
the e+ width. 

A direct measure of the relative weight of K versus K* exchange processes can be obtained 
by the linear photon asymmetry, defined as : 



(Til 



CT± + <7|| 



(29) 



where a\\ and cr_L are the cross sections induced by a linearly polarized photon beam with 
polarization vector lying in the reaction plane (for cr||) and perpendicular to the reaction 
plane (for a^) respectively. At high s and small —t (with —t « s) the photon asymmetry 
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for a natural parity t-channel exchange (such as for the K*) approaches the value +1 (i.e. 
a± dominates), whereas the photon asymmetry for an unnatural parity t-channel exchange 
process (such as for the K) yields the value -1 (i.e. cry dominates). The u-channel process 
and contact diagram, which are needed to make the t-channel K exchange gauge invariant 
are responsible for the deviation of the photon asymmetry from the value of -1, as is seen on 
Fig.m As the ■yn — > K^Q^ process at large s and low —t is dominated by K exchange, one 
sees from Fig. HI that the photon asymmetry rises sharply, at small —t, to a large negative 
value for the cases of 1/2=*=. At larger values of —t (for —t > 0.2 GeV^), one sees from Fig. HI 
that the influence of the K* exchange in the photon asymmetry shows up, in particular for 
the case of l/2~. The photon asymmetry seems therefore to be a very promising signature 
to distinguish between the Jq = 1/2"'" and Jq = l/2~ cases. 



0.04 




0.2 0.4 0.6 

-t (GeV^) 



Figure 5: Regge model predictions for the yp K^Q'^ cross section at = A GeV for different 
spin-parity assignments of the 6+. Dotted curves : K* Regge exchange. 



In Fig. we show the corresponding observables for the ■yp K^Q^ . For the neutral 
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t> 0.1 



s (GeV ) 

Figure 6: Regge model predictions for the 7p K^Q^ total cross sections for different spin-parity 
assignments of the G"*" resonance. Dotted curves : K* Regge exchange. 



kaon production reaction, the t-channel K exchange is absent, and the dominant t-channel 
mechanism is K* exchange. One therefore sees from Figs. I5|7l that the observables carry the 
signatures of a K* dominated process, i.e. a differential cross section which vanishes in the 
low t region and a photon asymmetry vi^hich reaches large positive values. By comparing 
the processes on the neutron (in Fig. and on the proton (in Fig. El), one notices that the 
absence of the K exchange mechanism yields cross sections on the proton that are about a 
factor 5 to 10 smaller than their counterparts on the neutron for the cases of J@ = 1/2=*=. 

We next study the sensitivity of single target or recoil polarization observables for the 
7n K^Q^ reaction, to the spin-parity assignments J@ = 1/2+ and Jq = l/2~. The 
single target spin asymmetry (T) is defined as : 



T 



(30) 



where (a^) are the cross sections where the target spin is polarized along (opposite) to 
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-t (GeV^) 

Figure 7: Regge model predictions for the K^Q^ photon asymmetry at Ey = 4 GeV for 

different spin-parity assignments of the Dotted curves : K* Regge exchange. 

the vector h={qx 'Pk)/\<1 x pWI, normal to the reaction plane. The recoil spin asymmetry 
(P) is defined in an analogous way, vi^here the 9+ has its spin polarized along or opposite 
to the normal vector h. In Figs. |H1 and El we compare the Regge model results for T and P 
for both 9"*" spin-parity assignments 1/2^. We first notice that the observables T and P are 
proportional to an imaginary part of the interference of two amplitudes. Therefore, one only 
obtains a non-zero value for T or P when the two interfering amplitudes exhibit a phase 
difference. The K exchange or the K* exchange processes by themselves give us therefore a 
zero value for the asymmetries T and P. Their sum however leads to a non-zero value for T 
and P as shown in Figs. [HI and El due to the phase difference between the K and K* Regge 
amplitudes. We see from Figs. [HI and [Hj that for J@ = 1/2+, T and P have an opposite sign. 
On the other hand for the situation Jq = 1/2^, T and P display the same sign. 

Besides the observables discussed above, where one integrates over all possible final states 
for the 9+ decay, one can also observe the decay angular distributions of the 9+. They show 
a characteristic dependence on the spin and parity of the final state. In the appendix, we 
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Figure 8: Regge model predictions for the target single spin asymmetry T for the jn — > K~@~^ 
reaction for both possible parities of the @^ resonance (for J = 1/2) at = A GeV. The model 
calculations correspond with the K + K* Regge exchanges for two values of the K*NQ coupling. 
Solid curves : fx^NB = +1-1, dashed curves : /k'NO = — 1-1. 

list the decay angular distributions for the spin-parity assignments 1/2^ and 3/2^. 

We show the decay angular distributions for different photon polarizations : unpolar- 
ized (0) (Fig. Uni), linearly polarized in the reaction plane (x) (Fig. fTT| . linearly polarized 
perpendicular to the reaction plane (y) (Fig. IT2|l . and left-handed circular polarization (c, 
left) (Figs. IT3l and IT4| . For the spin-parity assignments of 1/2^, one notices that the decay 
angular distributions (0), (x) and (y) display a nearly flat angular dependence. The decay 
angular distribution for a circularly polarized photon (c, left) on the other hand, is flat for 
the case of l/2~ but not uniform for 1/2+ , allowing to distinguish between both parity cases. 
All decay angular distributions show characteristic angular dependences in the case of 3/2='', 
which would be easily distinguishable from the 1/2='' case. 

In Fig. Uni we also show our results for the •yp K*^Q~^ reaction. For this process, the 
dominant t-channel exchange mechanism, at high s and low — t, is given by exchange 
as shown in Fig. [T] (lower right panel). This yields to strong forwardly peaked angular 
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Figure 9: Regge model predictions for the recoil single spin asymmetry P for the jn K^Q^ 
reaction for both possible parities of the G"*" resonance (for J = 1/2) at E'.^ = 4 GeV. Curve 
conventions as in Fig. [HI 

distributions, as is seen from Fig-UHl For a 9^ width of 1 MeV, the 1/2+ (l/2~) total cross 
sections reach a maximum value of 1.2 nb (0.2 nb) respectively. 



IV. CONCLUSIONS 



In this vi^ork, we studied the reaction mechanism for the photoproduction of the 9^(1540) 
resonance on the nucleon, through K and K* Regge exchanges. Our estimates depend on 
only two parameters : the KNQ~^ and i^'*A^9"*' coupling constants. The KNQ^ coupling 
constant is directly related to the 9+ width. We determine the K*NQ~^ coupling constant 
by rescaling the value obtained from the chiral quark soliton model by the same amount one 
has to rescale the KNG"^ coupling to yield a given value of the 9"*" width. 

In the Regge model, which is assumed to be valid above cm. energies above 2 GeV, the 
9+ photoproduction cross sections show a strong forward angular dependence. We compared 
the size of the cross sections for the jn K~Q^ and 7p K^Q^ reactions, and investigate 
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Figure 10: Regge model predictions for the —>■ K~Q^ angular distribution for an unpolarized 
photon (0) for different spin parity assignments of the Q~^, and for different decay angles {0,<p), 
defined in the rest frame of the Dashed-dotted curves : K Regge exchange; dotted curves : 
K* Regge exchange; solid curves : K + K* Regge exchanges. 



their sensitivity to the spin-parity assignments = |^,|^ for the 6+ resonance. Using 
the Regge model, we estimated the cross sections corresponding with a given upper bound 
on the width of the 9"*". Within this model, the cross sections on the neutron were found 
to be around a factor 5 larger than the ones on the proton, due to the presence of charged 
K exchange for the reaction on a neutron target. For the case of spin-parity = we 
found that a 6+ width of 1 MeV yields ■yn K^Q^ cross sections of around 1 nb, and 
7P K^Q^ cross sections around 0.2 nb. In the absence of a signal of the 9+ in such 
reactions, our estimates may be used to translate a given cross section upper limit into an 
upper bound on the width of the 9"*". 

Furthermore, we also estimated the photon asymmetry which was found to display a 
pronounced sensitivity to the parity of the 9+. Provided the 9"*" can be produced, the 
photon asymmetry would be a very promising observable to help determining the quantum 
numbers of the 9"'" resonance. 



22 



0.2 
0.15 
^ 0.1 
0.05 


0.15 
^ 0.1 
0.05 


0.15 
^ 0.1 
0.05 


0.15 
^ 0.1 

0.05 




(]) = 1/2" 


- (j) = 7t/4 


(|) = 7t/2 


" , 1 , 1 , 1 , 


" , 1 , 1 , 1 , 


" , 1 , 1 , 1 , 


r 1/2" 






" , 1 , 1 , 1 , 


" , 1 , 1 , 1 , 


" , 1 , 1 , 1 , 


■ ^ 3/2"" 

■ ^ . / 

" , 1 , 1 , 1 , 


— * ^ 

" , 1 , 1 , 1 , 


s ^ 

- • ~. 

" , 1 , T , 1 , 


-. • . 3/2" 

" , 1 , 1 , 1 , 


" , 1 , 1 , 1 , 


s. ^ 
- ^ ■ ^ . ^ ■ 

" , 1 , T , 1 , 



-0.5 0.5 

Cos e 



-0.5 0.5 

Cos e 



-0.5 0.5 

Cos e 



Figure 11: Regge model predictions for the 7n K^Q^ angular distribution for a photon linearly 
polarized in the reaction plane (x) for different spin parity assignments of the G"^. Curve conventions 
as in Fig. [HD 
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Appendix A: DECAY ANGULAR DISTRIBUTION 

After produced, the 9"*" decays into K^p or K^n in 50% ratio. The angular distribution 
of the decay product (Kaon) can be determined by: 

Sf,s'j_.;Sg,s'g 

+R\,sePse,s'R\s'g + R-\,sePse,s',R\^s') , (Al) 
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Figure 12: Regge model predictions for the 7n — > K^Q^ angular distribution for a photon linearly 
polarized perpendicular to the reaction plane (y) for different spin parity assignments of the G^. 
Curve conventions as in Fig. 

where the transition operator Rsf,se is defined as follow: 



= (iv,s/,p,-p'|t|e+,s,,Pe = o) 



(A2) 



and the photon density matrix elements Psg,s'f^ in the G"^ production can be obtained by 
squaring the amplitude Jvi^ ('jN Q^K) of the corresponding spin of the 6+ and summing 
over the spin of the nucleon and the helicity of the photon. 

The transition operator Rsf,sg depends on the spin of the particles involved. Below is the 
list of the transition operator Rsf,sg we use in this paper: 



J 



p _ 1- 

2 



1 + 



Ri 1 

2 ' 2 
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^1 _i = -sin^ e"*"^ 

2 ' 2 
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Figure 13: Regge model predictions for the 771 K^Q^ angular distribution for a left-handed cir- 
cularly polarized photon (c, left) for different spin parity assignments of the Curve conventions 
as in Fig. [HD 
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Figure 14: Regge model predictions for the K^Q^ angular distribution (c, left) for different 

spin parity assignments of the . Dotted curves : K* Regge exchange. 
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Figure 15: Regge model predictions for the 7p K reaction for both possible parities of the 
resonance. Upper panels : positive parity case; lower panels : negative parity case. Left panels 
: total cross section; right panels : differential cross section at £'-y = 4 GeV. The model calculation 
corresponds with Regge exchange. 
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